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ABSTRACT

The Phase I research was intended to demonstrate the basic fessibility
of constructing and optimizing a new magneto—optic 'sandwich’ device
intended for direct visualization of flaws in ferrous materials (steel) in a
marine enviromment. The device is based on the propertiy of some magneto-
optic films to rotate the plane of polarization of an incident, linearly
polarized light wave (Faraday magneto~optic effect). Such a device (inm the
"sandwich’ form) can be hand-held or operated by &n sutomated sobmersible.
Owing to the anticipated capability of such devices to observe the megnetic
anomalies of flaws through considerable thickness of biofouling (up to 1/4
inch) this technique may not require clearing of surfaces before inspection.
For these reasons, it should have considersble valne as an inspection tool
in a wide variety of marine enviromments, especially in fioating offshore
0il platforms and related inspection problems. The Phase I research
demonstraeted the fessibility of constructing magneto—optic based flaw
imaging devices in & portable ’'sandwich’ design, Because these devices
should be able to provide flaw images (in steel) directly, even through
biofouling, the device is anticipated to have considerable commercial
significance in marine imspection enviromments.
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IDENTIFICATION AND SIGNIFICANCE OF THE FROBLEM

Underwater inspection of steel structures would be greatly facilitated
by the development of simple, portable, devices for the direct vismalization
of flaws in the presence of marine fouling. Devices for use by & diver or
devices that counld be pert of an szutomated submersible, that could
sccomplish this task, would be » great benefit in many marinpe environments,
This is especially the case for offshore oil platforms of all kinds and
floating platforms in particular. But a versatile device of the type we
propose would be useful in applications ranging from the inspection of ship
hulls to drive shafts.

The investigation of ferrous materials by general electromagnetic
methods has become a well ¢established practice in materisls research and in
industry [1]. These methods can provide useful information about the tested
object which includes the following:

electrical conductivity o

magnetic permeebility p

electric permitivity e

thickness

discontinuities (flaws, voids, cracks, and inclusions)

Other parameters may be accurately inferred from this information
inclading case herdening, cold work, heat treatment or anmnealing status.
Unfortunately, most electromagnetic tests are not well suited for rapid
inspection of large surfaces or structures, and de not usuvally produce flaw
images directly. Al} electromagnetic technigues depend on some type of
sensing device (pickup coils, Hall effect device, etc.) that responds to the
electric, magnetic or ¢lectromagnetic field near the material specimen.

Often the sensing devices provide only crude indicationms of flaws, or
require considerable data reduction before flaws can be fully characterized.
It is proposed here that a2 new class of electromagnetic field sensing
device, namely magnetic garnet films [2,3), be employed for the purpese of
producing flaw images in ferrouns materials and that this device be developed
for the specific purpose of underwater inspection.

Bismuth doped garmet films are potentially very sensitive to weak
magnetic fields. Garnet films have been designed and produced to have 2
switching field less than three gauss. This is the magnetic field thet can
switch the direction of magnetization in the entire film. Properly biased
films uwp to four inches in diameter, or smaller portions thereof, can be
switched in the presence of very weak magnetic fields, which, when added to
the bias fieid, exceed the switching field. Owing to high potential
sensitivity to wesk magnetic fields (probably in the .01 gauss range) and to
the demonstrated possibility of schieving high contrast magneto-optic
visnalizetion of the domain structure of the film [4], it is very likely
that the weak magnetic fields associated with flaws in ferroms meterials can
be visuvalized using hand-held detectors of a design compatible with the
needs of a human diver or an automated submersible,

The purpose of the proposed researck is to fully expiore this basic
concept, wusing a new optical ‘sandwich’ design, and to demonstrate




feasibility by actually constructing a device capable of forming flaw imeges
in ferrous materials. The new "sandwich’ design would consist of an
electroluminescent panel {chemoluminescent panels may also be tried) and
garnet films and variowms other planar optical elements in a stack. Suoch a
device wonld be capable of forming images of flaws even in the presence of
merine fouling at distances of, say, 1/4 inch. Because of the sandwich
design {as opposed to & box ss in Figure 1), problems with pressure
compensation are eliminated. It would be applicable in areas currently
investigated by devices employing magnetic particles in a watertight pouch.
Unlike these technigues, direct instantenecuns images of flaws would be
available over large sreas and st considerably high sensitivities using a
far simpler hand-held device Tequiring very little support egnipment., This
new capability would provide = major new tool for inspection of underwater
steel structures of any type, including ship holls and especially offshore
floating platform components. In the following, we outline the Phase I
technical objectives, plams and tasks, and then provide & detailed account
of the Phase I accomplishments, Sufficient backgronnd material is provided
to understand the general approach {(for both Phases I and II) to be taken in
this work.

PHASE T TECHNICAL OBJECTIVES

The basic purpose of the proposed work is to demonstrate the
feasibility of using currently available magneto-optic materials (magnetic
garnet films) to produce direct visual images of flaws near the surface of
ferrous materials. This is to be accomplished by using a compact heand-held
'sandwich’ device involving electroluminescent and/or chemoluminescent
lighting and a variety of other planar optical elements in a stack., This
technological development wounld represent & major advance in existing marine
inspection technology. Our principal objective will be to construct such =
device and to perform feasibility tests on representetive flaws in ferrous
materials. TIn order to achieve this objective, we must be able to
accomplish the following:

1. Demonstrate that a2 sandwich design involving an clectroluminescent
and/or chemoluminescent light socurce, polarizing materials, garnet films
and partially reflecting optical surfaces can be made (and optimized) to
produce high contrast images of flaws by imaging their associated
magnetic flux leskage fields. Such a device will involve features of a
pure reflection system which already exists (gee Figures 1,2,3) and a
transmission system (see Figure 4),

2. Demonstrate that the electric power requirements of such & device are
modest and that, if necessary, it cam be & completely self-contained
{band-held}, battery-operated system. (Note thet even if &
chemoluaminescent light source is used, the garnet film still must be
biased by a current cerrying ceil surrounding the garnet film in order
to achieve proper levels of sensitivity and ersse prior images.)

3. Demonstrate that such a systesm is capable, in principlie, of opereting
under the conditions of pressure and temperature commonly encountered in
marine ingpections.




Figure 1, MI-201-A Flaw Visnzlization Instrument. This box design wounld be
eliminated using a new design involving g sandwich of garnet

films, electroluminescent panels, polarizing materiasls snd
VErious internally reflecting surfaces.

S
;;’/j}\‘; we

TRECL

- I

/Z‘- EELNELIeEL Ao of epfraxial karner fils

4

oy

Je R o ounit vecters

[

Figure 2. This figure illustrates the effect of a magneto-optically sctive

garnet film on the plane of polarization of ap incident ligh
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Figure 3. Basic reflection mode geometry for nesr contact imaging devices
employing magnetic garnet films. Note that most films are
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Figure 4. Basic elements of magneto—optic transmission mode display. The
state of magnetization M in the garnet film is being observed.



4. Demonstrate that the device can, in principle, withstand seawater
corrosion effects (efter appropriate sealing),

PHASE I WORK PLAN

In order to demonstrate the basic feasibility of producing flaw images
in ferrons meterials under conditions of water immersion at great depths (up
to 1000 ft.), we will briefly review the available techniques for producing
flaw images in ferrous materials using existing garnet film technology under
less stringent conditions. General magneto~optic imaging principles and
genere]l methods for forming images using these films will be described.
Once this background material has been presented, specific methods and tasks
for achieving flaw images in ferrous materials using garnet film detectors
in a sandwich design will be given.

General Magneto—Optic Displavs

Bismuth substituted iron garnets [2-4] possess a large specific Faraday
rotation Gf which makes possible and practics]l both transmissionm and

reflection mode magneto-optic displays of varions types. A typical
transmission mode display geometry is illustrated in Figure 4.

If linearly polarized light from the scurce(s) shown in Figure 3 is
incident on & megnetic garnet film (magnetic material), the plane of
polarization of the incident light will be rotated by an angle [4]

8 = Bf s M (1)

where Gf is the specific Faraday rotation of the film, k is the wavevector

of the incident light, and M is the local time dependent magnetization of
the film at the point where the incident light passes through the film. The
sign of the scealar prodoct X #M determines the sense of the rotation. Note
that in a solid, the Faraday rotation does not depend on the sign of the
wavevector X, only on the angle between k and M, This means that the effect
is doubled if a mirror or other reflective material is placed as shown in
Figure 2., The mirror ensures that the beam will pass back throagh the
epitaxial layer, thereby doubling the effective rotetion of the plane of
polarization.

The rotation of the plane of polarization of &n incideant, linearly
polarized l1ight beam serves as the basis of direct visuslization methods.
Ordinarily, in the absence of an applied field. domsins {(regions of uniform
magpnetization in the gearnet film) are smell. JYun many garnet fiims,
especially those used in magnetic bubble memories, domains messure only
several microns across [2]. However, in some garnet films the domaing canp
be very large even when no biasing fields are present [31. In still other
materials, such as the material used in the commercially available devices,
small applied fields {(three gauss or less) can cause the domains to coalesce
into a single large domain several inches scross. Such large domains allow
perturbations due teo flaws to be visuslized provided the film has a
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sufficiently large specific Faraday rotation achieved with Bismuth doping
[4].

A Pure Reflection Mode Device

Owing to the requirements of nesr contact imaging (garpet film must be
'close’ to the materisl otherwise snomalies are weakened with distance) and
the need to reduce surface light reflections from the garpet film, a general
reflection mode display geometry of the general type illustrated in Figures
2 and 3 can be used.

Note that the reflection mode of operation, depicted in Figures 2 and
3, has many desirable features. The Feraday rotation produced by reflection
is just twice that which is produced by transmission (see Figure 2).
Moreover, there are generally two magnetic garnet films on the substrate
separsted by a short distance (.02 inches typically). This incresses the
effective film thickness by a factor of two, and thus improves flaw image
contrast.

The problem with such a design (in & marine environment) is that the
light source is at some distence from the garnet film and this inevitably
leads to a box-like imager as shown in Figore 1. Such & box must either be
sturdy enough to withstand significant pressures (at 200 ft., 100 psi) or be
filled with a clear lignid and fitted with 2 pressure balancing membrane to
balence the seawater pressure against the pressure of the liguid in the
container, Of course, = housing may have to be rrovided to protect the
light sounrce, etc.

Most of these difficulties could be eliminated by a new design which
combines some of the features of a pure reflection design (Figures 2 and 3)
and & pure transmission desigm (Figure 4). In this proposal we describe so—
called 'sandwich’ designs involving a garnet film and other optical elements
which are 'backlighted’ by an electroluminescent panel. Before describing
this concept in detail, let us describe the state of the existing
technology.

rous Metals Inspection (An Existin Technolo

Spectron Development Laborstories (SDL) developed the first commercial
magneto-optic based system for produncing high resolution images of near-
surface flaws in ferrous materials. This technology was purchased, further
perfected and is now being marketed by Sigma [5-7]. The device (see Figure
1) employs & magnetic garmet film im an arrangement similar to that shown in
Figure 3. In Figuore 5, we illustrate s flaw image produced by the device
using low frequency {60 Hz) time varying magnetic fields applied by =
magnetic yoke. While this method of reflection imaging is successful for
ferrous materiasls, vnder mormai conditions, it is inadequate for imaging
flaws in & marine environment where it would be desirable to rid the
inspector of the box-type imagers.,

The Sandwich Design

One concept for a sandwich design is illustrated in Figure 6. It is
clear from this figure that the mew sandwich design is & hybrid invelving




Figure 5.

Figure 6.

Image produced by the MI-201-A jis & tight nonvisible crack in a
steel bar (cross section 2 in, x 2 in.) possessing a long sinuocus
longitudinal crack. A 115 volt, 50 Hz yoke supplied an external
low frequency excitation field B(t).

7 I Analyzer

// ' 7 7 }  Front Surfgce Mirror (FSM)

// : Garnet Film 1
Substrate
Garnet Film 2

j i i {F5M)

ai L I P

1 Electroluminescent Panel
(light source)

This design has two pertially reflecting mirrors on either side
of two epitaxial garmet layers. Note that light from the light
source passes through a polarizer, then passes through the entire
stack and reflects from the back of the mirror above the garnet
films, back down through the garnet films and &gain reflects from
the mirror below the garnet filmg., This happens a pamber of
times and some of the light from the light souwrce eventuslly
ieaks out of the stack reaching the viewer.



both transmission of light throngh the garnet film {one way) and multiple
reflections through the film (analogons to the rure reflection mode of
Figure 2). An electroluminescent panel is similar to & capscitor in that it
consists of two conducting surfaces with s dielectric material between them.
A luminescent pigment is dispersed within the dielectric material and,
therefore, will be subjected to the electrostatic field of the charged
capacitor. If an AC voltage is applied across the psnel, the phosphor
particles will be in a continuing state of excitation giving of f & steady
light in the form of a glow. For penel lighting applications, one plate or
electrode of the panel is translucent to allow transmission of the light to
the optical stack in this case,

Since the 1ight phenomenon occurs by a means other than the temperature
of the source, it fits the definition of lominescence. Since the source of
excitation is an electric field, the penel is electroluminescent. The
electroluminescent panel requires epproximetely 130 Vac at 400 to 1000 Hx
for excitation, An inverter that operates from a 5 Vdc source is possible.
Unless some method of compensation is provided, the light output of the
electroluminescent panel will decrease with age. By incorporating the
panel’s capacitance as a part of the invertesr circuit, the voltage and
frequency output will be changed to properly compensate for the panel’s
sging and maintain an essentielly conmstant light output. As mentioned
earlier, we may slso wish to consider chemolmminescent pamels (liquid filled
disks) instead of electroluminescent panels. The principle will be the same
in either case,

There are a number of unknowns iovolving the optimum optical
coafigurstion in any sunch design. The electroluminescent panel has »
limited light output and this light must be used as efficiently as possible
in forming & high contrast image of s flaw.

From Figure 6 it is clear that we have two partially reflecting
surfaces (partially reflecting front surface mirrors in effect), a sowvrce of
light (electroluminescent panel), the garanet film (two epitaxisl layers on a
nonmagnetic substrate) and two sheets of polarizing meteriel. The most
efficient design will be one that maximizes both the light intensity and the
image contrast. These happen to be somewhat conflicting reguirements since
contrast is maximized by multiple internal reflections (in such a sandwich)
while intensity depends on the amount of light which leaks out of the
sandwich [8].

Ovur spproach to realizipng an optimom design will be both theoretical
and experimental. We will calculate both the image intensity and contrast
for a variety of designs involving different reflection coefficients, ete.,
and determine what cught to be an optimum arrangement. We will then
construct such & system as shown in Figure 7. This system will be tested,
refined end recommendsations for hardening the system (making it portable snd
compatible with a marine enviromment) will be made.

Phase I Task Objectives

We svggest a phased approach aimed at the ultimate goal of systems
designed for specific applications. Only the Phase I feasibility study will
be deteiled in this proposal. The objective of the Phase I study is to test




Power for electroluminescent
panel and bias coil

Figure 7. A highly schematic illustration of = hand~held version of the
‘sandwich’ imager is provided. A diver could use this device to
image the fiux Jeakage fields directly evenp through biofouling.




the basic feasibility of using & bissing coil, = magneto—optic garnet film,
a0 external method of inducing fields in a test specimen, and magneto-optic
imaging technigues involving electroluminescent renels and multiple intermal
reflections in a sandwich design to rapidly obtsin images of discontinuities
(flaws, inclusions, etc.) near the surface of two-dimensional ferrous
materials that may have a considerable marine biofounling covering the flaw.
The following five tasks will be performed under the Phase I program:

1

design a magneto-optic inspection system (Figores 6 and 7)
incorporating an external sonrce field snd optical sandwich design.

Task I

Task 2 -~ procure the Recessary magneto—optic garnet films, coils, support
circoits, etc., and construct the magneto—optic imspection system,

constract test models including EDM (electro discharge machining)
siots, inclusions, cracks in mild steel; obtsin real flaws in the
same materials. Model the effects of biofonling using nommagnetic
spacers {see Figare 8).

Task 3

Task 4

H

perform experiments on the test specimens, characterize the resnlts
and modify the magneto—optic inspection system, if necCessary.

Task 5

i

prepare a final report and make recommendations for additional
Phase II work at this time.

PHASE I ACCOMPLISHMENTS

System Design

Originally, we intended to employ front surface mirrors in an optical
stack as shown in Figure 6. The principel reason for doing this was to
exclude ambient Iight. This may yet be attempted (Phase XII) since it couid
also resault, because of multiple internal reflections, in a greatly enhenced
image contrast. However, for the purposes of the Phase I feasibility
demonstration, it was decided to keep the design as simple as possible and
eliminate the front surface mirrors. We chose the simple design of Figare 9
for the optical arrangement. Note that a current-carrying coil (not shown)
is assumed to surround this ‘optical stack’.

Our first goal wes to produce a simple prototype device having the
general features of the final system. The device we produced is illustrated
in Figure 10. Tt consists of & commercially available electroluminescent
penel (mircreft green) messurinmg 1/16 inch thick by 3/4 inch wide by 2
inches in length. a garmet fiim (.02 inch thick} and two pieces of Polaroid
(HN42} as shown in Figure 9. A smell coil form surrounding this
rectangular stack was constructed and 100 turns of # 32 copper wire was
wound on the form. A circuit (similar to that in Figure 11} designed to
drive the coil (see waveform in Figure 12) was ther constructed, and the
device illustruted in Figure 10 was sgsembled.

The current waveform (Figure 12) is designed to sensitize the crystal

and to erase prior images. By choosing the duty cycle shown, it was also
possible to operate the device on four AA size alkaline batteries (1.5V).

10




(a) .1 inch lift off (b} Contact

(c) .25 inch 1ift off (d) Contact

&8t two 1ift off distances using a reflection-type imager (see Figure 3). 1In
(b) a permanently magnetized flat plate containing s two inch long inclusion
is being inspected with the viewer contacting the surface. In {a) the
viewer is at a 1ift off distance of .1 inches, Similarly in (d) we have a
contact image taken on the outside of circmferentially magnetized pipe (0D
4 1/2 in., wall thickness 1/4 jn.) contzining a tight crack which extends
through the wall, In {¢) this same creck, or rather the anomaly it
Produces. is viewed at a 1ift off of 1/4 ign, Clearly, the ancmalies daoe to
these flaws sre still visible at considersble 1ift off distances. This can
be important, since marine foul ing and/or surface irregnlarities may be
present. It should be noted that the images on {(a) and (¢) wvould be
improved if instead of 2 statis field, we had applied & strong magnetizing
field at the time of inspection. The #pplication of such fields during the
inspection Process can increase the distance the flaw can be seen throagh

11
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Figure 9. The basic experimental arrangement.
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Filgure 10. Prototype Underwater Flaw Imager.
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Power for both the electroluminescent panel (1000V DC) and the coil
surrounding the optical stack was sapplied by these cells,

Experiments with this device indicated that it worked very well, The
intensity of the electroluminescent panel was sefficiently bright that
images could be seen under most ambient light conditions (except direct
sonlight). However, the electroluminescent panel was too thick to get good
images of certsin flaws. This is not 8 crucial comcern where large (long)
cracks are involved, but it was decided that thinnmer panels would be
desirable. Moreover, the system was not watertight. Having demonstrated
that a simple prototype worked we then set out to increase its size and make
it watertight.

Scealing Up

The first step in this pProcess was to obtain larger electroluminescent
panels that were also thinner. Accordingly, we reguested that the
manufacturer produce panels of the type illustrated in Figure 13. These
panels are waterproof and have & minimom thickness of .022 inckes, Special
coil forms and potting molds were then machined in preparation for
constructing our first full-scale prototype underwater flaw imager,

The new device was designed to employ a full sized (three inch
dismeter) garnet film, using & coildrive circuit similar thet depicted in
Figure 11, and a stack of e¢poxy potted optical elements similar to those
shown in Figure 9,

Tests were first performed to determine if the epoxy would attack the
Polaroid, the electroluminescent panel, or the garnet film. The results
were negative, suggesting that we could probably successfully put the
optical system in a watertight configuration. However, there was some
concern that the optical qualities of the epoxy {a water-clear epoxy},
especially its potentiasl for stress induced polarization, could be a
problem. No data could be obtained on this meterial but our inspections of
smell cored samples did not show any polarizing effects, so we decided to
proceed with this material, It was also noted that the epoxy was quite
brittle., This conld produce problems when pressure or tempersture changes
are rapid and will be discussed later. It might be necessary to go to a
softer material exhibiting greater plasticity,

CLonstructjon

The second level prototype illusirsted in Figure 14 was constructed in
several stages. First s teflon mold ¥&s machined to produce a potted
version of the optical stesck. 1In order to remove all air bubbles from
between the opticsal layers, the stack which was held in the mold was
evacuated in a desiccator. Epoxy that had been poured between the optical
elements and above the stack boiled under these conditions and, of course,
a1l entrapped air was withdrawn from between these layers. After a period
of about five to fifteen minutes, the air pressure in the chamber was slowly
allowed to return to normal (duration about one minute). This gave the
viscous epoxy time to fill voids. ¥e guickly learned how to Prepare opticsl
stacks with very few enirapped bubbles or other defects.
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Figure 14. The Phase II prototype imager. This is a hand-held,
battery-operated device. The optical stack and
surrounding coil are attached to a flashlight-like
tube housing the circuits and batteries. An extra
optical stack (plus coil) next to the imager is in
the foreground.
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Howsver, it was often difficult to remove these potted stacks from the
molds without either bresking the garnet crystal or shattering the epoxy.
As mentioned earlier, the epoxy is of & very brittle sort that will probably
have to be changed later. Due to these difficulties, some changes were mads
in the teflon molds and this led to a considerable reduction in the problem
of cracking the epoxy.

The mext step involved inserting this optical stack in a coil form,
winding 8 100 turs coil (#21 copper wire) messuring five inches in sverage
diameter around the steck (3 1/4 inches in diameter), and inserting this
combination in & second teflon mold for a second potting operstion. This
second operation, like the first involved removel of the air (in the coil)
and in the spaces between the optical stack and coil form. Epoxy flowed
into these void spaces as the pressure was slowly allowed to increase in the
desiccator to one atmosphere,

At the completion of this second potting, the optical elements (plus
coil form) represented = single watertight package (see Figuore 14), A
device looking somewhat like a lens holder was machined to hold the elements
and provide connections to the electronic circuits housed inside &
flashlight—like tube (Figure 14). Batteries (rechargeable AA nickle-cadmium
or lithium chloride) were housed in this tube, and the tube was fitted with
watertight sesls (for shallow water operation). A watertight (for shallow
operation) on-off switch was also provided fin the unit. For deeper water
operations, the watertight switch would have to be replaced by a small
external magnet and something like & Hall-effect device inside the tubke,
This could be made into a switch that requires no mechanical connections to
the tube interior, It will also be necessary to use O—-rings to seal the
tube. These items and problems will be discussed in more detail under the
Phase II proposal.

Performance

There are two competing aspects of the images produced by these
devices, namely image intensity and image contrast. Unfortunately, the
electroluminescent panels are not terribly bright light sounrces. Moreover,
when the optical elements are potted in epoxy, there i3 a tendency to reduce
the light that is transmitted through the system owing to multiple internal
reflections.

If one adjusts the light intensity to be a mazimum (by adjusting the
polarizer) it happens that the contrast (intensity difference between =
sorth pole and & south pole) in the image is greatly degraded or
nonexistent. Conversely, if one adjusts the contrast to be g meximom, the
intensity is grestly reduced. This can be compensated either by incressing
the voltage to the electroluminescent panel (which shortens its 1ifetime) or
by sacrificing contrast.

Experiments with the system suggest that contrast is important and that
intensity (especislly in an underwater enviromment where it is often dark)
is less important. 1In any case there are good reasons for expecting that
brightness can be improved by incressing voltege to the electroluminescent
panel as mentioned above.




Contact

Barchart Inflawed area

Figure 15. Images made using the device of Figure 14 and a long (9 ft.) pipe
(4 in. OD, 3 3/4 in. ID) containing a longitudinal crack. Also
shown for comparison is an image of a magnetic barchart.
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In Figore 15, we illustrate an image of a long crack in a steel pipe
(mild steel, four inch OD, 3.75 inch ID) as seen by the imager. This pipe
specimen was magnetized by passing a 600 ampere (half wave rectified)
current along the length of the pipe. The fields inside (and outside)} the
pipe are circumferential and leak out in the flaw area. The flaw shows up
as & sharp discontinuity in the image. A nearby region (where there is no
flew) in the same figure is shown for comparison, The anomoly is still
visible through a 1/4 inch spacer representing biofouling,

PHASE I1 TECHNICAL OBJECTIVES

The objectives of the Phase II program will be to fully assess the
feasibility of developing an underwater filaw imaging system thet meets the
stated needs of the U, S, Coast Guard and other users. The Phase I
prototype will be redesigned both to meet any user recommendations and to
withstand the rigors of actual use in an anderwater enviromment, The
minimum objectives that must be met are:

1. Determine if the materials currently nsed (epoxys, plastics, etc,) will
withstand the conditions of tempersture and pressure expected., It is
particularly important to determine if changes in temperature and
pressure will affect the potted crystal. That is, will stresses canse
cracking? It is slso important to determine if the corrosive
environment of seawater will be & problem for any of the proposed
materials.

2. Ve must determine if the currently configured device is compatible with
the anticipeated needs of the vser{s)., Tt is recognized that such
devices may be used in a number of different ways by 2 aumber of
different users, Each application will require that the structursa]
component be properly magnetized in order to insure that a flaw has been
found. This is crucial if the flaw imager is to do its job. Therefore,
we must work closely with the potential users [especially those such as
J. P. Kenay (Appendix I) or the DOI Offshore Minerals Management] who
would perform evaluations and provide recommendations on this new
technology,

3. Transfer this technology to the user(s) in the forms most desirable to
them. It is anticipated that the device mey take different final forms
for different applications. The shape of the viewing window can be
sltered in many cases to fit into special areas for special inspections.
We are prepared to accommodate these needs by varying the window design
&8s needed.

4. Determine what kinds of documentation best suits the user{(s). In many
ceses the only requirement will be to find a crack and mark it with ap
sppropriate indicator for later repair. In other cases, detailed
photographic or other documentation will be needed. We will determine
what is needed in each case.
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RELATIONSHIP WITH FUTURE RESEARCH AND DEVELOPMENT

The Phase I effort has demonstrated the feasibility of using magneto-—
optic imaging techniques to form flaw images in ferrovs materials using a
special sendwich optical designm involving #n electroluminescent panel,
garnet film and other optical elements. This demonstration opens the way to
further research and applications. Phase II w#ill be directed toward more
specific applications including particular problem sreas defined jointly by
the Coast Guard and Sigma Research,

It has also been brounght to our attention that J. P. Eenny and
Partners, Ltd. of the United Kingdom (see Appendix I) is very interested in
this work. J, P, Kenny is currently ecting as a research management for the
SIM program (a2 consortimm of oil companies and the U. S. Coast Goard). They
have ngreed to perform independent tests with the Phase I prototype and
provide recommendations, We suggest that these tests could begin shortly
after the Phase II program begins, and couwld provide valuable input and
guidance to that program. However, we zlso suggest that Sigma provide
guidance and any expertise needed in order to properly evaluate the Phase I
prototype. It has been our experience that a proper knowledge of the
technology is & prerequisite to its successful application. For this
reason, we wish to participate in such tests (at least in an sdvisory
capacity) on & funded basis (Phase II),

POTENTIAL APPLICATIONS

Owing to the anticipated capebility of the proposed technology to
provide a practical marine inspection tool, we anticipate that devices based
on this new technology will be a commercial success. Accordingly, Sigma
Research will make a Phase III commitment to develop a commercial product
based on this research (see Phase ITI commitment). We will also seek
edditional outside Phase IIT funding support following the completion of the
Phase I feasibility demonstrations.

PHASE ITI - FOLLOW-ON FUNDING COMMITMENT

Sigma Research fully intends to develop & commercially viable product
from the theoretical and experimental results of Phase I and Phase IXI., We
feel that a magneto—optic based device baving the potential for marine
inspection of flaws in ferrons materials such as mild steel wonld have great
commercial significance. We base this projection first on our success at
commercialization of our MI-201 ferrous metals inspection system {described
in the propossl) which we now market and sell. Secondly, we observe that no
device of the type proposed in Phase I exists for forming images in resxl
time of sorface and near sorface flaws in ferrous materials in &2 marinpe
enviromment where biofouling may be significant.

Discussion with Coast Guard representatives indicates that there exists
& strong and continuning need to locate and/or monitor flaws in a range of
structures including offshore platforms, ship hulls, drive shafts, stc.
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If the Phase II effort succeeds as we anticipate, it will meet the
following objectives:

1. Provide farther proof of basic feasibility and clarify the optimum
design parsmeters,

2. Demonstrate that sufficiently portable devices can be built to be aseful
in 2 marine enviromment,

Sigma Research has a strong commitment to product development snd one
of its corporate goals is to derive 50% of revenue from products by 1989,
As a result, Sigma wishes to fund any resulting Phase III follow-on work on
an internal basis. Therefore, if the above objectives are attained and the
market potential remsins attractive, Sigma Research will commit up to 580
man hours (approximately $50K) in addition to $10K for materials and
¢quipment needed to develop a Phase III commercial prototype system. This
support will be derived in part from our IR and D sllocation and the balance
financed by our credit bankers. We believe this level of effort will be
adequate for Phase IIT based on our experience with the MI-201, A specific
signed Phase III commitment will accompany the Phase II proposal,

PHASE II FUNDING

It is proposed that the total Phase II contract amount ($300,000) be
divided between two govermment agencies namely the DOT (Coast Guard) and the
DOI (Offshore Minersls Management)., In a discussion at Sigma Research with
Charles E. Smith (Research Program Manager - Offshore Minerals Management,
Dept. of the Interior) he suggested that the $300,000 program could be
supported jointly by DOI ($100,000) and by DOT ($200,000). He indicated in
April of 1987 that he would discuss this possibility with appropriate DOT
personnel,
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Tf the transmission coefficient of the FSM nearest the electroluminscent
panel in Figure 6 is t} and that of the second FSM ty, then the light

trapsmission after one multiple reflection between these mirrors is
proportional to T = tl(lﬂtl} tz(l-'tg}. Holding ty fixed snd setting

c.%'l‘!ét2 = 0 we find that t, = .5 or 50% tranpsmission is regquired to
maximize T. But this means that t, is also 50% by the same reasoning.
Combining these transmission factors, the effects of the FSM's if ty =
t, = .5 is that only about 7% of the light escapes to the viewer. Thus,
we may have to increase tl and tz to get more light and somewhat lower

contrast.
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